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OVERVIEW

• Project start date: 10-01-2016
• Project end date: 9-30-2021
• Percent complete: 30%

• Barriers addressed
– High energy density of 500 Wh/kg
– Abuse-tolerant safer electrodes

• Energy vs Safety
– Cycle life 

• Total project funding
– DOE $50M 
– Contractor share: Personnel

• Funding received
– FY17: $10M
– FY18: $10M

Timeline

Budget

Barriers

• Project Lead
- PNNL

• National Laboratories
– PNNL, INL, Brookhaven 

• Academia
– UC San Diego, U. Washington, U. Texas

Partners



RELEVANCE

• Overall Battery 500 Objective
– Develop commercially viable Li battery technologies with a cell level 

specific energy of 500 Wh/kg through innovative electrode and cell 
designs that enable utilization of maximum capacity of advanced 
electrode materials

• Chemistry
– Utilize a Li metal anode combined with a compatible electrolyte 

system, and either
• A nickel-rich NMC or S

• Keystone project (1): Materials and Interfaces 
– Provides the materials and chemistry support for Keystone projects 

• (2) Electrode Architecture, and 
• (3) Cell Design and Integration



MILESTONES: KEYSTONE 1 and BINGHAMTON
 

End date 9/30/2017 12/31/2017 03/31/2018 06/30/2018 09/30/2018 
Type Quarterly 

Q4 
Quarterly Q1 Quarterly Q2 Quarterly Q3 Quarterly Q4 

Keystone 
Project 1 
Materials 
Interfaces 
 

Battery500
Annual: 
Demonstrate 
1 Ah pouch 
cell with 300 
Wh/kg 
energy 
density, and 
over 50 
cycles 
Completed 
 

Scale up the 
synthesis 
capacity of 
high Ni 
content NMC 
to 500 g 
Completed 
 

Establish the stage 
II baseline coin cell 
performances using 
commercial high-
Ni NMC at high 
loading in cathode, 
lean electrolyte and 
thin Li metal film 
anode (with the N/P 
ratio of ca. 2) 
Completed 
 

Establish the new 
high-Ni NMC 
baseline material 
(Ni > 70%) and 
coin cell 
performance using 
the materials 
synthesized by the 
team and supplied 
by other sources 
Ongoing 

Increase the cycle 
life of Li/high-Ni 
NMC cells using 
the materials 
synthesized by the 
team to 100 cycles 
(stage II coin cell 
protocol); 
Test new 
electrolyte 
Ongoing 

Binghamton Determine 
impact of 
cathode 
loading on 
capacity 
Completed 
 

Provide the 
key electro-
chemical data 
for the 622 
and 811 
NMC 
materials 
Completed 

Recommend with 
Keystone 1 team 
the preferred NMC 
composition where 
Ni≥0.7, based on 
experimental and 
modeling studies 
Completed 
 

Determine 
attributes of 811 vs 
NCA 
Ongoing 

Develop a range of 
current collector 
options that will 
reduce their overall 
weight 
Ongoing 
 

 



CHALLENGES OF HIGH NICKEL LiMO2

• Ni content drives the energy up, but
– Thermal stability decreases
– Capacity retention decreases

of 0.5e0.6 indicating that Li[NixCoyMnz]O2 materials with x values
greater than 0.6 have poor thermal stabilities for use in commercial
cells.

As summarized in Fig. 11, the 1/3 cathode exhibited the best
capacity retention and thermal stability among the tested compo-
sitions; however, its discharge capacity was limited due to the least
amount of Ni in the composition. On the other hand, the 0.85
cathode which contained the highest Ni content experienced se-
vere capacity fading. The capacity fading mechanism is believed to
be the overall volume expansion of the electrode during cycling as
attested by XRD and the surface structural degradation (trans-
formation to the spinel-like structure) as confirmed by TEM. In
addition, the 0.85 electrode exhibited the worst thermal stability in
spite of the large discharge capacity while the 1/3 electrode showed
the highest safety. Hence, as can be indicated Fig. 10, the compo-
sition and microstructure of the Li[NixCoyMnz]O2 needs to be fur-
ther optimized to attain an ideal cathode material with high
capacity and thermal stability.

4. Conclusions

To determine the optimal composition of Li[NixCoyMnz]O2
(x ¼ 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85), the electrochemical and ther-
mal properties are investigated as a function of the Ni content.
It is found that the electrochemical properties and safety
strongly depend on the microstructure (particle morphology
and surface/bulk structural stability) and the physico-chemical
properties (Liþ diffusivity, electronic conductivity, volume expan-
sion, chemical stability, and excess lithium). There is an nearly
linear decrease in the thermal stability and capacity retention as
the discharge capacity is raised by increasing the relative fraction
of Ni in the Li[NixCoyMnz]O2 electrodes. However, as indicated by
the change of the slope in Fig. 11, although increasing the relative
fraction of Ni still raises the discharge capacity beyond Li[Ni0.6C-
o0.2Mn0.2]O2, the thermal stability deteriorates at a faster rate so
that the advantage gained by the increased discharge capacity is
quickly negated by the concurrent deterioration of the battery
safety. The faster decrease in the thermal stability is related to the
increasing structural instability of the electrodes upon Li dein-
tercalation beyond Li[Ni0.6Co0.2Mn0.2]O2 as observed in Fig. 5. It

appears that it would not be possible to develop an ideal cathode
material that possesses both high capacity and high safety just by
changing the composition. Hence, it is suggested that the com-
position of Li[NixCoyMnz]O2 has to be selectively designed based on
the required application. Alternatively, a coreeshell (or with con-
centration gradient) [2,4] or full concentration gradient cathode
materials [33,36] consisting of an outer shell with high Mn content
providing the required thermal stability and an inner core with
high Ni content generating a high discharge capacity can be
developed to attain an optimal performance from the layer-
structured Li[NixCoyMnz]O2 cathode materials.
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Fig. 11. A map of relationship between discharge capacity, and thermal stability and
capacity retention of Li/Li[NixCoyMnz]O2 (x ¼ 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85).
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CHALLENGES OF HIGH NICKEL LiMO2

• Ni content drives the energy up, but
– Thermal stability decreases
– Capacity retention decreases

of 0.5e0.6 indicating that Li[NixCoyMnz]O2 materials with x values
greater than 0.6 have poor thermal stabilities for use in commercial
cells.

As summarized in Fig. 11, the 1/3 cathode exhibited the best
capacity retention and thermal stability among the tested compo-
sitions; however, its discharge capacity was limited due to the least
amount of Ni in the composition. On the other hand, the 0.85
cathode which contained the highest Ni content experienced se-
vere capacity fading. The capacity fading mechanism is believed to
be the overall volume expansion of the electrode during cycling as
attested by XRD and the surface structural degradation (trans-
formation to the spinel-like structure) as confirmed by TEM. In
addition, the 0.85 electrode exhibited the worst thermal stability in
spite of the large discharge capacity while the 1/3 electrode showed
the highest safety. Hence, as can be indicated Fig. 10, the compo-
sition and microstructure of the Li[NixCoyMnz]O2 needs to be fur-
ther optimized to attain an ideal cathode material with high
capacity and thermal stability.

4. Conclusions

To determine the optimal composition of Li[NixCoyMnz]O2
(x ¼ 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85), the electrochemical and ther-
mal properties are investigated as a function of the Ni content.
It is found that the electrochemical properties and safety
strongly depend on the microstructure (particle morphology
and surface/bulk structural stability) and the physico-chemical
properties (Liþ diffusivity, electronic conductivity, volume expan-
sion, chemical stability, and excess lithium). There is an nearly
linear decrease in the thermal stability and capacity retention as
the discharge capacity is raised by increasing the relative fraction
of Ni in the Li[NixCoyMnz]O2 electrodes. However, as indicated by
the change of the slope in Fig. 11, although increasing the relative
fraction of Ni still raises the discharge capacity beyond Li[Ni0.6C-
o0.2Mn0.2]O2, the thermal stability deteriorates at a faster rate so
that the advantage gained by the increased discharge capacity is
quickly negated by the concurrent deterioration of the battery
safety. The faster decrease in the thermal stability is related to the
increasing structural instability of the electrodes upon Li dein-
tercalation beyond Li[Ni0.6Co0.2Mn0.2]O2 as observed in Fig. 5. It

appears that it would not be possible to develop an ideal cathode
material that possesses both high capacity and high safety just by
changing the composition. Hence, it is suggested that the com-
position of Li[NixCoyMnz]O2 has to be selectively designed based on
the required application. Alternatively, a coreeshell (or with con-
centration gradient) [2,4] or full concentration gradient cathode
materials [33,36] consisting of an outer shell with high Mn content
providing the required thermal stability and an inner core with
high Ni content generating a high discharge capacity can be
developed to attain an optimal performance from the layer-
structured Li[NixCoyMnz]O2 cathode materials.
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• Impact of Al on thermal stability
– NCA low stability at 4.6 V
– LiMn-rich stabilized by 5% Al

Δ
= − − −

E x

E x E x E

( )

(Predicted products) (1 ) (VOPO ) (C H O )4 3 4 3

204 It should be noted that only the reaction between VOPO4 and EC is
205 modeled, and not other electrolyte components such as dimethyl
206 carbonate (DMC) and LiPF6.
207 All analyses were carried out using the Python Materials
208 Genomics42 materials analysis library.

209 ■ RESULTS AND DISCUSSION
210 To define the electrochemical state of the charged materials,

f1 211 Figure 1 shows the typical voltage profiles of NCA, LFP,

212 LMFP, and LiVOPO4 cathodes. For LFP and MFP, all the
213 lithium ions are extracted (charge capacity 160 mAh/g), giving
214 the final products FePO4 and Mn0.8Fe0.2PO4. At 4.6 V, 90% of
215 the NCA lithium ions are extracted (charge capacity 250 mAh/
216 g), resulting in the final product of Li0.1Ni0.8Co0.15Al0.05O2. In
217 contrast, one lithium ion is inserted into LiVOPO4 (discharge
218 capacity 156 mAh/g), so the product is Li2VOPO4.
219 Before proceeding to the studies of the electrodes, we have
220 investigated thermal properties of inactive components of the
221 electrode (carbon and binder) and of the electrolyte. DSC data
222 of carbon black (Figure S1) and PVDF (Figure S2) show that
223 both of them are stable up to 300 °C. Furthermore, when they
224 are mixed with electrolyte, the heat released is small, indicating

f2 225 that no reactions happen. According to Figure 2, the electrolyte
226 alone shows an exothermic reaction between 250 and 300 °C,
227 with 391 J/g released heat, which is due to its decomposition.
228 LiPF6 is decomposed to LiF and PF5, which is a strong Lewis
229 acid that causes cleavage of EC rings. Also, PF5 could react with
230 traces of water and form HF, which further results in the
231 decomposition of the solvent.5,28 When the material is heated
232 with the electrolyte, the specific heat released is highly
233 dependent on the ratio of the material to the electrolyte.
234 Hence, in all the following experiments, the mass of electrolyte
235 never exceeds 40% of the cathode material. Otherwise, the
236 thermal behavior of the electrolyte would be dominant and
237 mask the reactions caused by the cathode materials. There are
238 contradictions in the literature5,43 regarding the thermal
239 stability of battery materials with electrolyte, which could be

240due to the different amount of electrolyte involved in the
241reaction. Also, in a real battery, the mass of the electrolyte is far
242less than that of the active materials. In the remainder of the
243paper, the thermal properties of the active materials with the
244electrolyte or solvent or in pure form will be analyzed and
245compared, and such materials will be referred to as -e
246(electrolyte), -s (solvent), and -p (pristine), respectively.
247The DSC of the pristine LiNCA electrode (Figure S3) shows
248that it is stable with the electrolyte, as expected. The DSC of
249the charged Li0.1NCA electrode (4.6 V cutoff) shows that
250 f3(Figure 3) NCA-p starts to decompose at 220 °C and generates

251674 J/g heat upon heating, indicating the thermodynamical
252instability of the NCA at low Li content. According to the XRD
253 f4(Figure 4 right), NCA has a layered structure before heating
254and converts to a rock salt NiO structure after decomposition.
255TGA data (Figure 4 left) is in good agreement with DSC: An
256obvious weight loss, starting at 200 °C, is observed with O2−

257ions and O2 molecules in the residue gas, indicating the
258decomposition reaction. A broad CO2 peak is due to the
259reaction between coated carbon and the released O atoms. The
26015% weight loss is close to the theoretical value (∼16%) for the
261reaction Li0.1Ni0.8Co0.15Al0.05O2 → Li0.1Ni0.8C0.15Al0.05O +
2620.5O2. Furthermore, when NCA is heated with electrolyte,
263the onset temperature of the exothermic peak is also 220 °C,
264but the heat released is significantly larger (793 J/g), suggesting

Figure 1. Typical voltage profiles of NCA, LFP, LMFP, and LiVOPO4
cathodes, obtained from galvanostatic measurements. The numbers on
the x axis correspond to the amount of Li extracted from
LiMn0.8Fe0.2PO4, LiNi0.8Co0.15Al0.05O2, and LiFePO4 upon charge to
form the delithiated compounds, whereas for LiVOPO4 they indicate
the amount of Li inserted upon discharge to form Li2VOPO4 in the
discharged state.

Figure 2. DSC of electrolyte (1 M LiPF6 in EC/DMC = 1:1 volume
ratio).

Figure 3. DSC of Li0.1Ni0.8Co0.15Al0.05O2 charged electrode.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b12081
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

C Li1.2Ni0.16Mn0.56Co0.08−yAlyO2

4.3 V
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KEYSTONE 1 APPROACH (to expedite progress)

• Obtain commercial NMC materials as baseline NMC cathodes
– 622 and 811 obtained indirectly from South Korea supplier (BU/UCSD)
– NCA obtained from various sources (BU/UCSD)

• Utilize knowledge from DOE NECCES study on model compound NCA (BU/UCSD)

• Evaluate NMC compositions, and make recommendations for 
future studies 
– Use 622 as baseline, against which materials will be compared

• Use for consortium studies in initial years
• Use to meet Year 1 full cell milestone

– Make recommendation for future composition

• Build synthesis capability within the consortium (U Texas)
– Characterize
– Supply the consortium



BATTERY500 CONSORTIUM CHOSE HIGH Ni NMC

• LiNi0.6Mn0.2Co0.2O2 is baseline for the consortium
• X-ray characterization normal and 
• less than 3% Ni/Li mixing

• Morphology good
• Electrochemistry acceptable

81

Figure 1



MILESTONE: 2017 YEAR END GOAL ACHIEVED
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• 300 Wh/kg Li/NMC622 pouch cell with >100 stable cycles has been 
demonstrated. (project #: bat369)

• 313 Wh/kg Li-S pouch cell has been demonstrated but cycling is challenging. 
(project#: bat361)

Cell energy (Wh.kg-1)



APPROACH: QUESTIONS TO BE ADDRESSED
AND ACCOMPLISHMENTS

• Evaluate Commercially available High Ni NMC:
• Understand 622 and 811 materials.

• Structure, electrochemistry, morphology, ordering etc. 
• Synthesize materials in-house: 

• Primary/secondary particle size, morphology, size distribution

• Address several key challenges:
• What is the optimum composition, including Li content?
• Are 622 and 811 truly single phase for all x values, LixNMC?
• What is fundamentally different between 811 and NCA?

• What is the role of Al; bulk vs surface?
• BASF says 811 must be doped and coated; Umicore says not stable longterm

• What are the degradation mechanisms for 622 and 811?
• Extend from know-how on 333, 442, 532 and NCA
• Can coatings ameliorate?
• Are gradient materials technically and cost effective?

• What is the optimum material/morphology for thick electrodes?

• Advanced characterization are critical



NMC 622 CAN ACCOMMODATE RANGE OF Li
• Li1+y[Ni0.6Mn0.2Co0.2]1-yO2 can accommodate wide range of lithium

– Highest capacity obtained for Li:M = 1:1
• 811 much less tolerant (impurity phases formed when [Li] ≠ [M])

Li content a, Å c, Å c/3a Li/Ni 
mixing

C(emu 
K/mol)

Θ (K) µexp, µB µtheor, µB

Li0.89M1.11O2 2.878 14.242 1.650 8 % 0.54 -62 2.71 2.74
Li0.95M1.05O2 2.871 14.221 1.651 4 % 0.675 -43 2.49 2.57
LiMO2 2.863 14.199 1.653 2 % 0.72 -39 2.46 2.41
Li1.05 M0.95O2 2.857 14.188 1.655 - 0.65 -27 2.37 2.24
Li1.09M0.91O2 2.83 14.177 1.657 - 0.67 -32 2.15 2.15

Table 1: Summery of the XRD refinement and magnetic property results for Li1+y(622)1-yO2.



EFFECT OF LOADING ON RATE CAPABILITY:
811 > 622 (BU 1 MILESTONES 2018 Q1 & Q2)

622 811

• Cycling 2.5 to 4.6 V 

• Initial cycle



RATE CAPABILITY OF NCA, NMC 811 and 622 

• 811 shows highest capacity
• 811 and 622 show better capacity retention than NCA
• NCA shows highest rate capability

2.8 – 4.4 V
Loading 12 mg/cm2

C/3



LEARNINGS FROM NECCES NCA STUDY 

Radin et al AEM 2017

Amatucci et al, JECS, 164 (2017) A3727

• Aluminum 
– Evenly distributed in bulk of material 

• No surface enrichment
– Al minimizes formation of O1 phase at high voltages

• Single solid solution up to 5 V
• Stabilizes structure, should reduce degradation

– Learning: Al desirable for high Ni cathodes
• Air Instability of NCA

– In moist air, a LiHCO3 film is formed on the surface
• Very detrimental to cycling capacity

– In dry air, a Li2CO3 film is formed on the surface
• Decomposed at high charging voltages

– Learning: high Ni must be protected from air
• Extended cycling leads to cracking of particles 

– Mechanical stress needs minimizing
• Keep lattice expansion to a minimum
• Ni: 6 Dc = 2.6%; 8 = 3.7%; 9 = 5.6%  (charging to 4.5 V)

– Learning: Possibly limit Ni to ≤ 0.8



BASELINE 622 vs 811 (cf NCA): PROS AND CONS

Ø 622:
+ Higher thermal stability
+ Lower cost than 333

Ø 811: 
+ Higher rate capability
+ More tolerant of high loadings
? Does it gas like NCA?
- Instability in air
- Higher then 0.8 Ni leads to larger lattice expansion, then degradation issues

Ø NCA
+ Highest rate capability
+ Most studied
- Maybe gassing issue, so needs hard case
- Unstable in moist air



BU and KEYSTONE 1 MILESTONE 2018 Q2

• Milestone 
– Recommend with Keystone 1 team the preferred NMC composition 

where Ni≥0.7, based on experimental and modeling studies

• Recommendation: NMC 811 as 2018/2019 Battery 500 Cathode, as
– NMC 811 has higher capacity for a given charging voltage
– NMC 811 has higher power capability
– NMC 811 maintains capacity at high loadings better than 622
– NMC 811 is lower cost/kWh, because of less cobalt and higher ED

Li1.0Ni≥0.8[Mn, Co, Al]≤0.2O2 

NMCA



In-house NMC 811 and NMC 900505 demonstrate high capacity

SCALED-UP SYNTHESIS OF HIGH-NICKEL NMC
KEYSTONE 1 MILESTONE 2018 Q1

NMC811

50 μm 50 μm

NMC900505

(project #: bat360)



RESPONSE TO 2017 REVIEWERS� COMMENTS

No presentation given in 2017. 



COLLABORATION AND COORDINATION WITH 
OTHER INSTITUTIONS

• National Laboratories
– PNNL, INL and BNL

• Pouch cell studies
• Experimental input to system modeling
• Synchroton: Ex-situ and operando synchrotron X-ray 

diffraction,
• Neutron diffraction

• Academia
– UC San Diego, UT Austin and U. Washington:

• Ni-rich NMC synthesis and characterization, doping/coating, in-
situ XRD

• Experimental input to UW modeling

• Industry
– Working through NYBEST and NAATBaat to disseminate 

information



REMAINING CHALLENGES AND BARRIERS

• The Safety Trade-off: Energy vs Thermal Stability
– Increasing Ni content increases capacity
– Increasing Ni content decreases thermal stability
– Increasing Ni content increases capacity fade

• Capacity Improvement
– Need to extract > 220 Ah/kg to achieve 500 Wh/kg cells

• Capacity Retention
– The surface must be stabilized against reaction with the electrolyte
– Metal dissolution must be eliminated
– Cracking and other mechanical degradation must be minimized

• Thicker Electrodes needed to decrease inactive weight
– Will need improved ionic conductivity in the LiMO2
– Will need enhanced electrode electronic conductivity



PROPOSED FUTURE WORK – KEYSTONE 1

• Determine attributes of NCA vs 811, e.g.
– Gassing
– Thermal stability (DSC et al)
– Capacity fading

• Evaluate options for increasing  conductivity
– Ionic and electronic

• Evaluate options for improving Capacity Retention 
– Are gradient materials a possible approach?

• Are such materials incompatible with Al doping?
• Will they increase dissolution of Mn?

– Determine role of doping in the lattice and/or surface coatings

• Provide technical support to Keystone 2 and 3

Any proposed future work is subject to change based on funding levels 



SUMMARY

• Baseline 622 NMC Material 
– Well characterized

• Optimum capacity for Li:M = 1:1
• In-house and commercial material behave the same

– Achieved 300 Wh/kg 1st year goal
• Recommended NMC 811 as 2018/2019 Battery 500 Cathode 

– Higher capacity for a given charging voltage than 622
• Al likely to be used as stabilizer

• Achieved over 70 cycles
– U. Texas have synthesized kg quantities

• Comparison of NMC with NCA
– Al homogenizes composition

• NCA sensitive to traces of moisture
• Likely optimum compound is NMCA
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